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Summary
Voltage-gated ion channels respond to changes in
membrane potential by movement of their voltage
sensors across the electric field between cytoplasmic
and extracellular solutions. The principal voltage sen-
sors in these proteins are positively charged S4 seg-
ments. The absolute magnitude of S4 movement
discriminates two competing classes of gating mod-
els. In one class, the movement is <10 Å due to the
fact that the electric field is focused by aqueous crev-
ices in the channel protein. In an alternative model,
based in part on the crystal structure of a potassium
channel, the side chains of S4 arginines move their
charges across the bilayer’s electric field, a distance
of >25 Å. Here, using tethered charges attached to an
S4 segment, we provide evidence that the electric
field falls across a distance of <4 Å, supporting a
model in which the relative movement between S4
and the electric field is very small.
Introduction
Voltage-dependent ion channels underlie action poten-
tials in excitable cells. Each channel has four positively
charged S4 segments arranged in approximate 4-fold
radial symmetry around the central transmembrane
axis of the protein. Depolarization (cell interior more
positive) is expected to drive either the S4 helices out-
ward or the electric field inward across the protein
channel (Yang et al., 1996). This movement is coupled
to the gates that open and close the ion-selective per-
meation pathway. The absolute magnitude of the move-
ment between the voltage sensor and the electric field
is a critical factor in understanding the conformational
changes underlying voltage-dependent gating in excit-
able cells and is a subject of recent controversy (Ahern
and Horn, 2004b; Cohen et al., 2003; Swartz, 2004). Two
distinct classes of voltage-dependent S4 movements
have been proposed. In one class, aqueous crevices
invade the protein from one or both sides of the mem-
brane in the vicinity of the S4 segment. These hydro-
philic crevices reduce the length of the electric field
that falls across the channel protein. Charge movement
across this focused electric field may therefore involve
a small movement of the S4 segment (Bezanilla, 2000;
Yang et al., 1996). An alternative “voltage-sensor pad-
dle” model, based in part on the crystal structure of
the prokaryotic potassium channel KvAP (Jiang et al.,*Correspondence: Richard.Horn@jefferson.edu2003a), involves a substantially larger movement, as
the side chains of S4 arginines move their charges
across the bilayer’s electric field (Jiang et al., 2003b), a
distance of >25 Å (White et al., 2001). Unfortunately,
the recent crystal structure of a eukaryotic potassium
channel, Kv1.2, does not contribute significantly to the
elucidation of this issue, because aqueous crevices are
neither proved nor ruled out (Long et al., 2005). More-
over, this is a single structure, presumably in a depolar-
ized conformation, thus leaving the question involving
movement unanswered.
To discriminate small- and large-movement models,
we estimated the physical dimensions of the electric
field through which S4 gating charges move by attach-
ing charged adducts of varying length to a cysteine
substituted into an S4 segment (Figure 1A) and exam-
ined whether the S4 segment could move the attached
charge across the electric field.
Results
We attached charged adducts to S4 segments by cova-
lent labeling of the cysteine mutant R362C in Shaker
potassium channels (Figure 1). The native arginine
R362 is the outermost basic residue of the S4 segment
and normally carries a full positive charge through the
membrane electric field in response to changes in
membrane potential (Aggarwal and MacKinnon, 1996;
Seoh et al., 1996). When the R362C mutant is modified
by the cysteine reagents methanethiosulfonate-methyl-
trimethylammonium (MTSMT) or methanethiosulfonate-
ethylammonium (MTSEA), the resultant short-length
adducts also carry a full positive charge through the
electric field in response to changes in membrane po-
tential (Ahern and Horn, 2004a). These two adducts are,
therefore, equivalent to either the native arginine or a
lysine (Aggarwal and MacKinnon, 1996) at this position
in terms of their ability to transfer charge. At depolar-
ized voltages, the charged ends of these adducts are
in electrical continuity with the extracellular space, and
hyperpolarization must move them to a position at the
cytoplasmic side of the electric field (Figure 1A). The
prediction for adducts with sufficiently long tethers is
that their charged termini would remain in the extracel-
lular compartment in response to a strong hyperpolar-
ization and therefore would not contribute to the volt-
age-dependent charge movement of the S4 segment
(Figure 1A). We used a series of permanently charged
MTS reagents with alkyl tethers ranging from methyl
(-CH2-)1 to hexyl (-CH2-)6, with each CH2 group contrib-
utingw1.24 Å to the linear length of the adduct (Figure
1B). A longer reagent containing a heptyl tether caused
substantial leak in oocytes expressing R362C, preclud-
ing unambiguous measurements of gating currents. We
estimated the contribution of these adducts to charge
movement by measuring the fractional change in total
gating charge caused by complete labeling of the four
introduced cysteines of R362C channels (see the Sup-
plemental Data available with this article online), as in
a previous study (Ahern and Horn, 2004a).
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26Figure 1. Rationale of Experiment and Adducts
(A) Model of charge movement in which aqueous crevices create a
focused electric field. The four charge-carrying residues of the S4
segment (the outermost four arginines) are shown. The shaded re-
gions are hydrophobic, either protein or lipid, and the bilayer is
oriented horizontally with the extracellular compartment above.
The short-length tether is shown above with a charged ball at the
end. A long-length tether (below) would tend to keep its charged
terminus in the extracellular compartment in response to a hyper-
polarization.
(B) Scaled molecular models (Chem3D, www.cambridgesoft.com)
of arginine and the shortest and longest adducts introduced by the
MTS reagents, starting on the left with Cβ of either arginine or cys-
teine. The adducts end with a permanently charged trimethylam-
monium moiety.
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aFigure 2 shows the effects of labeling R362C on the
gating current for each of the MTS reagents. We used
a nonconducting mutant (W434F) to prevent contami-
nating currents through the K+-selective permeation
pathway. The W434F mutation itself has little effect on
voltage sensor movement (Perozo et al., 1993). Each
panel in Figure 2 plots integrated charge movement
versus voltage (Q-V) relationships for cells before (filled
symbols) and after (open symbols) modification by the
indicated MTS reagent. The control Q-V relationships
are normalized for a range from zero to 1.0, and the
modified Q-V relationships are scaled with respect to
the control in each cell. All reagents except MTSHT in-
creased the total gating charge (Qtot). Moreover, all rea-
gents slowed the gating current kinetics and caused
hyperpolarizing shifts of the Q-V relationships. The
shifts may reflect an energetic penalty for the S4 seg-
ments to pull the bulky charged termini of the adducts
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chrough the electric field. In some cases, double Boltz-
ann functions were needed to fit the Q-V data (Table
). The changes in direction of the gating current tran-
ients (insets in Figure 2) are due to the hyperpolarizing
hifts of these Q-V relationships. Attachment of a single
ositive charge to each S4 segment is expected to pro-
uce a substantial (44%) increase in Qtot if these charges
ove completely through the electric field. This is be-
ause the four charges lost when Arg362 in all S4 seg-
ents of a channel are neutralized (Seoh et al., 1996)
an potentially be restored by the adduct, bringing Qtot
or each channel fromw9 e0 back up tow13 e0 (Ahern
nd Horn, 2004a), the number of elementary charges
oved through the electric field in a wild-type Shaker
hannel (Aggarwal and MacKinnon, 1996; Schoppa et
l., 1992; Seoh et al., 1996). Figures 2 and 3 show that
he three shortest adducts (methyl, ethyl, and propyl)
roduce the predicted 44% increase in Qtot, whereas
he longest adduct (hexyl) alters the Q-V relationship
ithout affecting Qtot. The intermediate-length adducts
ave intermediate effects on Qtot. The results cannot be
xplained by incomplete labeling by the longer rea-
ents, because we used experimental conditions to en-
ure that >98% of introduced cysteines were labeled
Supplemental Data). Moreover, the specificity of the
ating charge enhancement in the R362C mutant by
hese reagents is supported by the fact that MTSMT
odification of several other cysteine residues intro-
uced into either the S4 segment or the S3-S4 linker
oes not increase Qtot (Ahern and Horn, 2004a).
Figure 3 summarizes the effects of MTS modification
n Qtot. The right-hand ordinate shows the fractional
hange in Qtot caused by the modification, and the left-
and ordinate expresses these changes as the esti-
ated number of elementary charges added by each
4 segment. The data show that the short adducts con-
ribute their full positive charge to the R362C mutant
hannels. If these results are interpreted according to
he model in Figure 1A, the electric field at a hyperpo-
arized voltage is dissipated completely over a distance
f <4 Å, the difference in length between propyl and
exyl derivatives (shaded area in Figure 3).
We made an implicit assumption that the full extent
f S4 charge movement is not affected by the adducts
ttached to R362C. This assumption is supported by
he monotonic relationship between tether length and
he charge added to the gating current, as if the ad-
ucts have no effect on the ability of other basic S4
esidues to carry their normal charge load. Moreover,
one of the adducts reduces Qtot or increases it beyond
he predicted 44%. We further considered the possi-
ility that the longer adducts might be able to swing
heir charged termini through the electric field, resulting
n an underestimate of its length. This prospect is not
upported by our data, however, because the butyl and
entyl adducts, unlike shorter derivatives, move less,
ot more, of their charge through the field. The partial
harge carried by these two adducts indicates that
heir charged termini have entered the electric field; yet
hey are unable to reorient to move the rest of the way
hrough it. Therefore, our data are in accordance with
he idea that the relative movement between the S4
egment and the electric field takes place over a physi-
al distance of <4 Å.
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27Figure 2. MTS Modification of R362C Affects the Kinetics of Gating Currents and Qtot
(A–F) Gating currents of modified and unmodified channels in response to voltage steps from −200 to +80 mV in 20 mV increments. Holding,
tail potentials were −80 and −100 mV, respectively. The Q-V relationships for unmodified cells (control) are shown with filled symbols in each
panel, which also show representative gating currents and Q-V relationships after modification (open symbols). These Q-V relationships are
normalized with respect to unmodified gating current in the same cells. Only the shorter derivatives increase Qtot. Fit parameters for Q-V
curves are in Table 1. Calibration bars, 2 A, 20 ms.was based originally on experiments using cysteine ac-
Table 1. Charge Movement Parameters
Vmid1 (mV) q1 (e0) w1 Vmid2 (mV) q2 (e0)
Control −38.2 ± 1.1 (41) 1.2 ± 0.02 1
MTSMT −74.6 ± 2.4 (7) 1.2 ± 0.6 1
MTSET −38.9 ± 3.1 (6) 1.5 ± 0.2 0.38 ± 0.05 −122.7 ± 3.6 1.6 ± 0.18
MTSPrT −56.1 ± 4.8 (7) 1.6 ± 0.2 0.53 ± 0.06 −131.2 ± 4.6 2.3 ± 0.3
MTSBT −49.9 ± 3.1 (6) 1.5 ± 0.1 0.45 ± 0.02 −110.8 ± 2.8 2.6 ± 0.3
MTSPeT −80.7 ± 4.3 (6) 0.9 ± 0.1 1
MTSHT −59.0 ± 3.0 (9) 1.1 ± 0.1 1
Q-V relationships were fit with single or double Boltzmann functions with the estimated parameters shown (w1 is the weight of the first
component). The control is for the Shaker mutant R362C before modification by the indicated methanethiosulfonate reagent. The number of
cells comprising the Q-V relationships is indicated in parentheses.
either histidine (Starace and Bezanilla, 2004) or otherDiscussion
A highly focused electric field at hyperpolarized volt-
ages is supported by both theoretical (Islas and Sig-
worth, 2001) and experimental studies. This proposalcessibility scanning of S4 residues (Bell et al., 2004;
Larsson et al., 1996; Vemana et al., 2004) and further
supported by the ability of small cations to conduct
through a putative aqueous gating canal at hyperpolar-
ized voltages when Arg362 of Shaker is mutated to
Neuron
28Figure 3. Increasing Tether Length Monotonically Decreases
Charge Movement
Fractional change of Qtot, or equivalent number of elementary
charges for each S4 segment, plotted for each MTS reagent. The
electric field appears to drop completely over the shaded area,
which has a width <4 Å. Error bars represent the SEM.
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metric studies using electrochromic dyes suggest that
the electric field near the S4 segment has a thickness
of <10 Å (Asamoah et al., 2003). The composite results
provide a strong challenge to models that involve S4
movements as large as the bilayer’s electric field.
Spectroscopic studies suggest that depolarization
produces an S4 movement of <5 Å across the plane of
the membrane (Cha et al., 1999; Posson et al., 2005).
This result does not, however, exclude two other “large-
movement” possibilities. The first is that the external
end of the S4 segment could make a large movement
by changing its angular orientation across the plane of
the membrane (Elliott et al., 2004). For example, a 45°
tilt of a transmembrane α helix of 40 Å in length could
move its external end laterally by as much as 30 Å with-
out changing its vertical position with respect to the
bilayer. In this scenario, the charge-carrying S4 resi-
dues must sweep through an appropriately oriented
electric field (Chanda et al., 2005; Elliott et al., 2004;
Grabe et al., 2004). The second possibility is that a volt-
age change might leave the S4 segment relatively sta-
tionary with respect to the pore domain, but the surround-
ing aqueous crevices could make large movements,
sculpting the electric field in their path (Asamoah et al.,
2003; Bell et al., 2004; Nguyen and Horn, 2002; Yang et
al., 1996). Our new results, however, rule out any model
in which the S4 movement across the electric field is
larger than a few angstroms. Although the nature of this
movement remains to be elucidated, a small conforma-
tional change may contribute to both the sensitivity and
the speed with which these ion channels respond to
stimuli.
Experimental Procedures
DNA Clones and Expression
The R362C mutation was generated in Shaker H4 containing three
modifications: (1) deletion of residues 6–46 to remove N-type inac-
tivation, (2) introduction of the C301S and C308S mutations to re-
duce sensitivity of the channel to cysteine modification, and (3)
introduction of the W434F mutation in the pore region (Perozo et
al., 1993) to render the channels nonconducting. For gating cur-
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Cents we used Xenopus oocytes due to the poor expression of the
362C mutant in mammalian cells. Conditions for cysteine modifi-
ation were determined in both transiently transfected tsA201 cells
nd oocytes (Supplemental Data). Complete labeling in oocytes
as ensured by showing that continued exposure to reagent at a
epolarized voltage had no further effect on gating currents.
lectrophysiology
wo-microelectrode oocyte recording was used for R362C/W434F
ating currents, as described previously (Ahern and Horn, 2004a).
he oocyte bath contained (mM): 100 mM tetraethylammonium Cl,
mM MgCl2, and 10 mM Hepes (pH, 7.5). These ionic conditions
inimize ω currents (Tombola et al., 2005), which are ionic currents
hat appear at strongly hyperpolarized voltages when Arg362 is
ubstituted by a small hydrophobic residue. Equivalent results
ere obtained when N-methylglucamine was substituted for tetra-
thylammonium. Methanethiosulfonate (MTS) reagents (Toronto
esearch Chemicals, North York, ON, Canada) were prepared from
00 mM aqueous stock solutions that were kept at 4°C and diluted
mmediately before use. After exposure to MTS reagents at 0 mV,
he oocytes were held at −80 mV for >30 s to recover from slow
nactivation (Olcese et al., 1997).
We used the methods of Aggarwal and Mackinnon (Aggarwal
nd MacKinnon, 1996) to compute charge-voltage (Q-V) curves
rom uncorrected capacity transients over a range from −220 mV
o +100 mV. All Q-V curves after modification are normalized with
espect to Qtot in the same cell before modification. For presenta-
ion, the gating currents were obtained by subtraction of an appro-
riately scaled linear current transient for a single voltage step be-
ween +70 and +80 mV. Q-V relations were fitted to a Boltzmann
unction with one or two weighted components (Table 1). Experi-
ents were performed at room temperature.
upplemental Data
upplemental data include Supplemental Experimental Pro-
edures, Supplemental References, and a figure and can be found
ith this article online at http://www.neuron.org/cgi/content/full/
8/1/25/DC1.
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